The subjective experience of stress leads to reproductive dysfunction in many species, including rodents and humans. Stress effects on reproduction result from multilevel interactions between the hormonal stress response system, i.e., the hypothalamic-pituitary-adrenal (HPA) axis, and the hormonal reproductive system, i.e., the hypothalamic-pituitary-gonadal (HPG) axis. A novel negative regulator of the HPG axis known as gonadotropin-inhibitory hormone (GnIH) was recently discovered in quail, and orthologous neuropeptides known as RFamide-related peptides (RFRPs) have also been identified in rodents and primates. It is currently unknown, however, whether GnIH/RFRPs influence HPG axis activity in response to stress. We show here that both acute and chronic immobilization stress lead to an up-regulation of RFRP expression in the dorsomedial hypothalamus (DMH) of adult male rats and that this increase in RFRP is associated with inhibition of downstream HPG activity. We also show that adrenalectomy blocks the stress-induced increase in RFRP expression. Immunohistochemistry revealed that 53% of RFRP cells express receptors for glucocorticoids (GCs), indicating that adrenal GCs can mediate the stress effect through direct action on RFRP cells. It is thought that stress effects on central control of reproduction are largely mediated by direct or indirect effects on GnRH-secreting neurons. Our data show that stress-induced increases in adrenal GCs cause an increase in RFRP that contributes to hypothalamic suppression of reproductive function. This novel insight into HPA-HPG interaction provides a paradigm shift for work on stress-related reproductive dysfunction and infertility, and indicates that future work on stress and reproductive system interactions must include investigation of the role of GnIH/RFRP.
The subjective experience of stress leads to reproductive dysfunction in many species, including rodents and humans. Stress effects on reproduction result from multilevel interactions between the hormonal stress response system, i.e., the hypothalamic-pituitary-adrenal (HPA) axis, and the hormonal reproductive system, i.e., the hypothalamic-pituitary-gonadal (HPG) axis. A novel negative regulator of the HPG axis known as gonadotropin-inhibitory hormone (GnIH) was recently discovered in quail, and orthologous neuropeptides known as RFamide-related peptides (RFRPs) have also been identified in rodents and primates. It is currently unknown, however, whether GnIH/RFRPs influence HPG axis activity in response to stress. We show here that both acute and chronic immobilization stress lead to an up-regulation of RFRP expression in the dorsomedial hypothalamus (DMH) of adult male rats and that this increase in RFRP is associated with inhibition of downstream HPG activity. We also show that adrenalectomy blocks the stress-induced increase in RFRP expression. Immunohistochemistry revealed that 53% of RFRP cells express receptors for glucocorticoids (GCs), indicating that adrenal GCs can mediate the stress effect through direct action on RFRP cells. It is thought that stress effects on central control of reproduction are largely mediated by direct or indirect effects on GnRH-secreting neurons. Our data show that stress-induced increases in adrenal GCs cause an increase in RFRP that contributes to hypothalamic suppression of reproductive function. This novel insight into HPA-HPG interaction provides a paradigm shift for work on stress-related reproductive dysfunction and infertility, and indicates that future work on stress and reproductive system interactions must include investigation of the role of GnIH/RFRP.
GnIH ͉ reproduction ͉ RFRP S tress has acute and chronic effects on many aspects of vertebrate physiology and behavior. Reproduction is a key life-history component that is often adversely affected by physical and psychological stressors. The negative impact of stress occurs at several levels of the vertebrate hypothalamic-pituitary-gonadal (HPG) axis. Centrally, it leads to activation of the hypothalamic-pituitaryadrenal (HPA) axis, which in turn leads to suppression of HPG activity through inhibition of gonadotropin-releasing hormone (GnRH) secretion (1, 2) . Downstream of GnRH, the functional effects of stress on reproduction can be seen with suppression of luteinizing hormone (LH) release from the pituitary (3, 4) and suppression of sexual behavior (5, 6) . The stress effect on HPG function appears to be mediated by the adrenal stress hormones glucocorticoids (GCs). In male mammals, systemic GC administration inhibits circulating gonadotropin levels (7), decreases seminal vesicle weight, and results in fewer implantation sites and viable fetuses in female mates (8) . However, hypothalamic corticotropinreleasing hormone (CRH) has also been strongly implicated in stress effects on reproduction (2, 9, 10) .
Gonadotropin inhibitory hormone (GnIH) is a recentlydiscovered hypothalamic RFamide peptide that inhibits gonadotropin synthesis and secretion (11) . The inhibitory action of this neuropeptide raises the question of whether stress-mediated reproductive dysfunction could operate through the GnIH system. If so, this would provide a previously uninvestigated level of stressregulated central HPG control. The mammalian ortholog of avian GnIH (RFamide-related peptide, RFRP) is expressed in neurons within the dorsomedial nucleus of the hypothalamus (DMH) of rats, with fibers extending both to the median eminence and to the preoptic area, making putative contact with GnRH neurons within the hypothalamus (12, 13) . Mammalian RFRP is produced as a full-length precursor peptide that is cleaved into two active peptides in vivo, RFRP-1 and RFRP-3 (12) . The amino acid sequences of rat RFRP peptides are highly homologous to GnIH-precursor derived peptides in quail and white-crowned sparrow (12) . The receptor for RFRP (known as OT7T022) is also similar to the GnIH receptor in birds (14) and is found in the hypothalamus, pituitary, and testes (15, 16) . In birds and mammals, RFRP plays a functional role in suppression of HPG function in vivo (13, (17) (18) (19) . When RFRP-3 is administered systemically to male rats, it suppresses both LH release and sexual behavior (13) , much as stress does. Moreover, RFRP expression is altered by stress in breeding house sparrows (20) . Together, this body of data suggests that RFRP (21) may act as an influential mediator of stress effects upon mammalian reproduction.
The present experiments were designed to investigate whether stress could affect mammalian HPG function through increased expression of RFRP. Furthermore, we wished to determine whether any observed effect is mediated by stress hormones such as GCs or CRH. We found that both acute and chronic stress elevate RFRP expression and lead to down-stream HPG dysfunction. We also found that RFRP cells express stress hormoneresponsive receptors. In addition, adrenalectomy (ADX) prevents the stress-induced increase in RFRP expression. Thus our data provide strong evidence that RFRP expression and HPG function are directly influenced by stress-induced adrenal hormone release.
Results
Acute Stress Increases Hypothalamic RFRP Expression. To determine whether RFRP could contribute to stress-induced suppression of the HPG axis, we investigated RFRP gene expression in response to acute stress in adult male rats (Fig. 1A) . Three hours of immobilization stress led to an increase in RFRP mRNA and peptide in the hypothalamus when measured immediately after the immobilization ended ( Fig. 1 B-E) . Using in situ hybridization with a probe that identifies the full-length rat RFRP precursor mRNA (12), we found a 2.3 (Ϯ0.3 SEM)-fold increase in RFRP mRNA levels in the DMH immediately after immobilization, relative to no-stress controls. When measured 24 hours after the end of immobilization, RFRP mRNA levels in stressed animals did not differ from controls ( Fig. 1 B and D) . A similar pattern was found for RFRP precursor peptide ( Fig. 1 C and E) . Stressed rats showed a 1.4 (Ϯ 0.1 SEM)-fold increase in number of RFRP-ir cells immediately after immobilization. RFRP in rats stressed and then killed 24 hours later did not differ from that in nonstressed control rats.
To investigate whether the stress-induced changes in RFRP expression might be important for HPG function, we used real-time reverse transcriptase PCR (RT-PCR) to determine hypothalamic RFRP mRNA transcript abundance, and correlated the mRNA expression level with circulating LH levels. RFRP mRNA expression levels showed a significant negative correlation with plasma LH levels (Fig. 1F) , a finding that is consistent with previous work showing that RFRP lowers circulating LH levels (13) either through reduced GnRH neuron activity or through reduced responsiveness of pituitary cells to hypophysial GnRH (22) (23) (24) (25) . No effect of acute stress was found on RFRP (1.2 Ϯ 0.1-fold change, P ϭ 0.33) or OT7T022 (1.0 Ϯ 0.1-fold change, P ϭ 0.82) mRNA transcript expression immediately after stress as measured by real-time reverse transcription-polymerase chain reaction (RT-PCR) in the testes. These findings indicate that acute immobilization stress leads to a temporary increase in hypothalamic RFRP expression, coincident with suppression of downstream HPG activity.
Chronic Stress Increases Hypothalamic RFRP Expression. Because chronic stress is also known to suppress reproductive function, with effects possibly extending beyond the termination of the stress (6, 26), we next investigated whether RFRP expression in the rodent DMH is also altered by chronic stress and whether those effects might be more prolonged or greater than acute stress effects. Adult male rats were immobilized for 3 hours per day for 14 consecutive days and killed 24 hours after the last immobilization session ( Fig.  2A) . Chronic immobilization led to up-regulation of RFRP mRNA and peptide expression in the hypothalamus up to 24 hours after the end of immobilization. Using real time RT-PCR, we found that chronic immobilization stress led to a 1.8 (Ϯ 0.1 SEM)-fold increase in RFRP mRNA levels ( Fig. 2B ) compared with controls. Chronic stress also increased RFRP peptide levels. Immunohistochemistry revealed a 1.9 (Ϯ 0.1 SEM)-fold increase in number of RFRP-ir cells in the DMH in stressed rats compared with control rats (Fig.  2C ). Stress did not alter RFRP mRNA levels in the testes. Similarly, there were no changes in RFRP receptor (OT7T022) expression in the hypothalamus, pituitary or testes (Fig. 2B) . However, our chronic stressor did reduce plasma LH concentrations, confirming that HPG function was suppressed in stressed rats (Fig. 2D ).
Acute and Chronic Stress Activate the HPA Axis. To verify HPA axis activation during the immobilization stress protocol, tail vein plasma samples were collected from acutely and chronically stressed animals. Acutely stressed animals showed a rapid and sustained rise in plasma corticosterone (Fig. 3A) . Chronically stressed animals showed elevations of plasma corticosterone in response to restraint throughout all 14 days of restraint, indicating that they did not fully habituate to the stressor (Fig. 3B) . These peak values of corticosterone are similar to those found in previous studies showing impaired HPG function after chronic or acute stress (27, 28) .
Hypothalamic RFRP Cells Express Stress Hormone Receptors. The stress paradigm reliably activated the HPA axis, and stress effects on hypothalamic RFRP were observed. Thus, we investigated whether RFRP cells in the hypothalamus express receptors that would allow them to respond directly to the two major HPAregulated hormones, namely, corticotropin-releasing hormone (CRH) and corticosterone (the major rat GC). Using confocal microscopy and double immunohistochemical labeling for CRH receptor-1 (CRH-R1) or glucocorticoid receptor (GR) with RFRP, we found that RFRP-positive cells co-express both of these stress-responsive receptors (Fig. 3 C-E) . Approximately 12.8% (Ϯ1.1%, SEM) of RFRP-positive cells were co-labeled with CRH-R1, whereas 53.1% (Ϯ11.4%, SEM) were co-labeled with GR (Fig. 3 D-E) .
Adrenalectomy Prevents the Stress-Induced Increase in RFRP Expression. Because approximately half of hypothalamic RFRP cells expressed GR, we next investigated whether the stress-induced rise in RFRP was dependent on increased circulating GCs levels by surgically removing the GC-secreting tissue, i.e., the adrenal glands. Male rats were bilaterally adrenalectomized (ADX) and allowed to recover for 2 weeks. Sham operated animals served as controls. Rats were exposed to daily immobilization stress for 2 weeks as above. The day after the end of stress, rats were killed and RFRP mRNA expression was quantified. Corticosterone response to restraint on day 1 of stress verified that ADX effectively eliminated stress-related corticosterone release (Fig. 4A) . In sham-operated rats, chronic immobilization stress led to a significant increase in hypothalamic RFRP mRNA expression, whereas in ADX rats there was no change in RFRP expression after stress (Fig. 4B) , indicating that the stress-induced rise in RFRP expression is dependent on high circulating level of GCs.
Discussion
Here we show that both acute and chronic stress stimulate expression of rat RFRP (considered a GnIH) in the adult male rat hypothalamus while suppressing reproductive function. Our data also indicate that the stress-induced increase in RFRP expression is dependent on adrenal hormones. Acute and chronic immobilization stress led to increases in hypothalamic RFRP at both the mRNA and protein levels. Acute stress effects on RFRP expression largely dissipated within 24 hours of removal of the stressor, whereas chronic stress effects lasted longer. This latter result is consistent with previous work showing that the effects of stress are often greater the longer the stressor is applied (6, 26) .
Stress and RFRP are involved in the suppression of sexual behavior in adult male rats (6, 13) . Moreover, administering RFRP to adult male rats suppresses plasma LH levels (13), as does exposure to stress (3, 4) . In the present study, we show a direct correlation between stress-induced increases in RFRP expression and reduction in plasma LH. In addition, we demonstrate that receptors for stress hormones exist on RFRP neurons, thus providing the neuroanatomical architecture for stress-mediated effects on the RFRP system. Taken together, these data suggest that RFRP plays an influential role in stress-induced effects on gonadotropin release and thus HPG function.
The functional consequences of stress on reproductive success are found in many species and appear to be a common feature of mammalian and avian systems. Stress has been linked to infertility in adult men (29) , lower sperm motility in medical students (30) , reduced proceptive sexual behavior (5), and fewer successful impregnations (8) by male rats, as well as lower hatchling survival in free-living European starlings (31) . In addition, the effects of malnutrition on reproduction may result from activation of the stress system (32, 33) , suggesting that the importance of stress effects on the HPG may extend beyond traditional stressors. The HPA axis has also been implicated in aging and the increase in reproductive dysfunction with age (34) .
The HPA axis interaction with the HPG axis occurs at multiple levels and appears to be conserved across many species. In response to stress, the hypothalamus releases CRH into the hypophysial portal system, after which anterior pituitary cells respond to CRH by releasing adrenocorticotropic hormone (ACTH). The hormone ACTH stimulates the adrenal cortex to release GCs into the bloodstream. The HPG axis runs in parallel to the HPA, with hypothalamic GnRH stimulating pituitary LH and FSH, which in turn stimulate testosterone-secreting Leydig cells and spermproducing Sertoli cells. Both GCs and CRH affect multiple levels of the HPG axis in several species (Fig. 5A and [supporting information (SI) Fig. S1]) (1, 35, 36) . Injections of GC can suppress plasma LH in rats (2), rhesus monkeys (7), and humans (37), and CRH receptor antagonists can block the effects of stress on plasma LH (2, 10). In vitro, GnRH neurons show changes in gene expression in response to GCs (38) , but GnRH expression does not always change in response to a stressor that inhibits downstream reproductive function (3). Indeed, our data did not show changes in GnRH expression despite suppression of plasma LH secretion. These findings suggest that the stress effects on circulating gonadotrophin may act via suppression of GnRH release and/or via decreased pituitary sensitivity to GnRH. Previous studies have shown evidence for both of these mechanisms of stress-mediated suppression of HPG function (39, 40) , and our present study provides strong evidence for a mechanistic basis for this response.
In avian and rodent models, GnIH/RFRP fibers extend to the median eminence and come in close proximity to GnRH cells (12, 13, 41, 42) . In addition, GnIH receptors are expressed on GnRH cells (41) . Together, these results suggest that GnIH/RFRP may regulate the HPG axis by influencing hypothalamic GnRH release and/or pituitary sensitivity to GnRH. Currently, there is evidence for GnIH/RFRP influencing hypothalamic GnRH neuron excitability/release as well as pituitary gonadotropin release in birds (18, 21, 41) and mammals (12, 13, 24, 25, (43) (44) (45) , suggesting that these mechanisms of regulating HPG function are conserved across species. For example, Rizwan et al. (22) found that systemic RFRP-3 administration in rats reduced LH response to GnRH (suggesting RFRP acts via pituitary mechanisms), whereas Ducret et al. (24) found that GnRH neurons in mice hyperpolarize in response to RFRP in vitro (suggesting that RFRP affects hypothalamic GnRH release). It is possible, then, that both pathways could play a role in the stress-reproduction interaction via GnIH/RFRP. Therefore, given the changes we found in RFRP in rats after acute and chronic stress, we propose that GnIH/RFRP acts as a common contributory mechanism by which stress inhibits GnRH release and/or gonadotropin secretion in response to GnRH (Fig. 5 A and B) . In addition to being present in the hypothalamus, GnIH/RFRP is also found in the testes of rats and birds (16) . However, we found no change in RFRP expression in the testes of adult male rats following stress, indicating that the stress effect on RFRP expression is specifically a central, hypothalamic phenomenon. We also found no change in RFRP receptor expression at any level of the HPG axis. Therefore, it appears that stress largely acts on RFRP synthesis rather than altering the sensitivity of other cell types to RFRP via changes in RFRP receptor expression.
Within the hypothalamus, we found GR and CRH-R1 expressed in a large proportion of RFRP-expressing cells. Stress effects on the HPG have been linked to both GCs and CRH. Exogenous GC injection suppresses HPG activity and sexual behavior, whereas CRH receptor blockers (including those specific to CRH-R1) can block stress effects on reproductive function (2, 8, 10 ). Because our results indicated that a greater proportion of RFRP cells expressed GR than expressed CRH-R1, we investigated whether GCs might be the mediator of stress effects on RFRP expression by adrenalectomizing rats before stress. We found that ADX prevented the stress-induced increase in hypothalamic RFRP expression, indicating that RFRP changes depend on stress-induced elevations in GCs (Fig. 5B) . Our results are therefore consistent with previous work showing that stress effects on HPG function are mediated by GCs (7, 8) and our data provide a mechanistic framework for those findings. In addition, a search of the rat RFRP promoter region reveals four potential glucocorticoid responsive elements (GREs) within 5000 base pairs (bp) upstream of the RFRP gene, the closest being Ϸ1240 bp upstream. Although more work is needed to show definitively that GCs act directly on GR in hypothalamic RFRP cells, our findings of GC-dependent changes in RFRP, coexpression of RFRP and GR and the existence of potential GREs in the RFRP promoter strongly imply that stress-induced increases in circulating GCs stimulate GR in hypothalamic RFRP cells, causing increased transcription of the RFRP gene (Fig. 5B) .
Previous studies of HPA-HPG interactions have provided evidence for multiple, possibly overlapping mechanisms for stress effects on reproduction, including effects on dopaminergic, serotonergic, and cholinergic transmission at multiple levels (1, 35, 46, 47) , in addition to direct effects on the HPG axis (1, 35) . It seems possible that these mechanisms may have evolved in parallel to allow for HPG-HPA axis interaction in response to a variety of stimuli. The RFRP/HPA interaction that we have demonstrated here may therefore represent a pathway that provides a greater sensitivity to certain stressor stimuli than others. More research is necessary to determine whether different stressors activate different HPA-HPG interaction pathways, but such a phenomenon could help explain discrepant findings in the stress and reproduction literature.
In summary, our data indicate a novel mechanism by which HPA axis activation can influence reproductive function, namely through a GC-induced increase in RFRP signaling to GnRH neurons and/or the anterior pituitary. Moreover, given the common interaction of HPA and HPG axes across many species and the similarity of GnIH/RFRP actions in birds and mammals (48) , the involvement of RFRP in the HPA-HPG interaction investigated here in rats is predicted to be pertinent to most vertebrates. HPA axis activation is implicated in a number of causes of infertility and reproductive dysfunction, including chronic stress and malnutrition (32, 33, 49) , and may significantly influence the efficacy of assisted reproductive procedures in humans (36, 50) . In addition, chronic stress is of primary concern in captive breeding programs as well as in agricultural breeding programs (51) . The current findings, therefore, contribute a new key level of understanding to the mechanism underlying one of the most common suppressors of HPG activity.
Materials and Methods
Experimental Subjects. Adult male Sprague-Dawley rats were pair-housed on a 12/12-hour light-dark cycle with lights on at 07:00 hours and ad libitum food and water. For the acute stress study, animals were immobilized and killed immediately after immobilization (n ϭ 5) or 24 hours later (n ϭ 4). Controls were left undisturbed in their home cages until perfused (n ϭ 3). A separate group of rats was used for correlation of trunk blood LH and RFRP expression (n ϭ 3 con, n ϭ 4 str). For assessment of testes transcript expression by real-time RT-PCR after acute stress, con rats (n ϭ 4) con and str rats (n ϭ 4) were used. For the chronic stress experiment, rats were immobilized daily (n ϭ 6 for PCR, n ϭ 4 for IHC) or left undisturbed in their home cages (n ϭ 6 for PCR, n ϭ 4 for IHC). Confocal analysis was performed on tissue from three control rats. For the ADX experiment, 14 animals received ADX (n ϭ 6 stress, n ϭ 8 no stress) and 16 received sham surgery (n ϭ 8 stress, n ϭ 8 no stress). All animal care and procedures were approved by the University of California-Berkeley Animal Care and Use Committee.
Immobilization Stress. Rats were immobilized in Decapicone bags (Braintree scientific) and placed in individual cages in a fume hood for 3 hours. For the chronic study, immobilization occurred daily for 14 days.
Plasma Hormone Sampling. All blood samples were centrifuged at 2000 g for 15 minutes and plasma was extracted and stored at Ϫ20°C until assayed. Corticosterone was measured using a Corticosterone EIA kit (Cayman Chemical). Plasma LH was assessed by the National Hormone and Peptide Program RIA. For chronic stress experiments, tail blood samples from two cagemates were pooled. For acute stress, individual samples were used for analysis. Sample values below the detection level of the assay were included as the lowest detectible value.
Adrenalectomy. Adult male rats underwent either bilateral removal of the adrenal glands or bilateral sham surgery. After 1 week of recovery in isolation, rats were pair-housed with their original cage mate. One week later, immobilization stress began as described above. The ADX rats were maintained on water with 0.9% NaCl and 25 g/ml corticosterone for the duration of the experiment. One ADX stress rat was removed from analysis because day 1 corticosterone response to restraint revealed that ADX was incomplete.
In Situ Hybridization and Immunohistochemical Staining for Stress Studies. Rats were transcardially perfused with 4% paraformaldehyde. Brains were postfixed for 3-4 hours, equilibrated in 30% sucrose in 0.1M phosphate buffered saline (PBS), and then stored at Ϫ80°C. In situ hybridization was performed similar to a previously reported procedure (12) with a DIG-labeled probe against full-length precursor rat RFRP (more detail is available in SI Methods). For immunohistochemical labeling of RFRP peptide, sections were then rinsed with PBS, incubated in blocking solution (2% normal goat serum, 0.3% tritonX-100 in PBS) for 1 hour and then transferred into primary antibody against GnIH (12) (PAC123/124, 1:5000 in PBS plus 0.3% Triton-100 [PBS-T]) overnight at 4°C. The next day, slides were rinsed with PBS-T and incubated in goat anti-rabbit Alexafluor 568 (1:500, Molecular Probes Inc.) for 2 hours at room temperature. After rinsing in PBS-T, slides were coverslipped using DABCO antifading medium and stored in the dark at 4°C.
Immunohistochemical Staining for Confocal Analysis. Free-floating sections were rinsed in 0.1M PBS then incubated in Tris buffer, pH 9 at 60°C for 20 minutes. After rinsing, tissue was blocked with 2% normal donkey serum, 0.3% Triton-X 100 in PBS. All antibodies were diluted in blocking solution. Primary (rabbit anti-RFRP with mouse anti-GR [1:200, Affinity BioReagents] or goat anti-CRHR1 [1:200, Santa Cruz]) was applied overnight, on rotation, at 4°C. The next day, sections were rinsed in PBS and incubated in secondary for 2 hours at room temperature (Cy3 anti-mouse with FITC anti-rabbit or Cy5 anti-goat with Cy3 anti-rabbit, 1:500, Jackson ImmunoResearch). After rinsing in PBS, sections were mounted on gelatin-coated slides and coverslipped/stored as above.
Confocal Analysis. Twenty-five RFRP-ir cells were located in the DMH for each animal and assessed in z-series of Ͻ1.0-m slices to determine whether CRH-R1 or GR was co-labeled. Confocal images were captured on a Zeiss 510 META/NLO confocal microscope with a ϫ40 oil objective and adjusted for brightness and contrast using LSM Image Browser software. The wavelengths used were 488 nm, 543 nm, and 643 nm.
Real-Time Reverse Transcriptase PCR. Rats were lightly anesthetized with isoflurane and rapidly decapitated before bilateral hypothalami, pituitary, and testes were dissected and flash-frozen in liquid nitrogen. Real-time reverse transcriptase PCR was run on TRIzol-extracted RNA with primers for rat RFRP and OT7T022. The Ct values were determined using PCR miner (52) and normalized to the reference gene, RPLP. Primer sequences were designed using Primer1 software and checked for specificity using BLAST. For all stress studies, the manufacturer's instructions for SYBR Green One-step PCR kit (BioRad) were followed. For the ADX study, extracted RNA was treated with DNase (DNA-free, Ambion), and two-step PCR was used, following the manufacturer's instructions for iScript cDNA synthesis kit (BioRad) and then iQ SYBR Green Supermix. Samples were run in a BioRad IQ5 real-time PCR machine. After the PCR was complete, specificity of each primer pair was confirmed using melt curve analysis. Primer sequences are given in SI Methods Statistical Analysis. Group differences in RFRP mRNA and peptide expression were detected using two tailed t tests. For the acute stress experiment, no-stress controls were found not to differ significantly from acute stress, 24-hour delay rats in mRNA (P ϭ 0.444) or peptide expression (P ϭ 0.604), so the latter two were combined for statistical comparison with acute stress, 0-hour delay rats. The effect of immobilization time on plasma corticosterone in the acute stress experiment was assessed using a repeated-measures analysis of variance (ANOVA). In the chronic stress experiment, the effect of immobilization on plasma corticosterone was tested using a 2 ϫ 4 (time of immobilization by day) repeated measures (within-day) ANOVA followed by paired t tests to detect differences on each day from day 1 baseline. Stress effect on day 14 plasma LH was detected using a two-sample t test. In the ADX study, planned comparisons (one-sample t tests) were used to detect a stress effect in RFRP expression in sham and ADX rats. Similarly, planned comparisons (two-sample paired t tests) were used to detect a stress effect on plasma corticosterone in sham and ADX rats. P Ͻ 0.05 was considered significant.
